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Abstract 
 
Primary suspension system isolates vehicle’s chassis from road irregularities, while cabin suspension system isolates cabin from 
chassis vibrations. Suspension system design requires high standard of “ride comfort” and “vehicle handling” simultaneously. 
However, both of these requirements of the ride comfort and vehicle handling are conflicting. Various types of car models have 
been used in literature to simulate suspension systems, e.g. quarter car model, half car model and full car model. This paper 
attempts development of 10 degree of freedom Full Car model with integration of primary and cabin suspension in the Simulink 
environment to see the effect of cabin suspension on the ride comfort over the primary suspension system. The response of the 
primary and cabin suspension has been compared with the response of primary suspension under step excitation.  
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The function of a suspension system is to minimize the vertical acceleration and it generally includes spring and 
damper. The various parameters of a suspension system on which its performance depends consist of stiffness of the 
spring, damping coefficient of the damper and type of the suspension system etc. The spring stores the energy during 
bumps and the damper dissipates the stored energy.  In a vehicle without suspension system, all of the energy from 
the wheel would get transferred to the frame, with vehicle forward movement, which may further result in loss of 
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contact of wheel from the road surface completely.  Introduction of suspension system in a vehicle fulfills the need 
of ride comfort and road handling simultaneously. 
The term “ride comfort” is related to absorption of the energy from road bumps and its dissipation without 
causing undue oscillation in vehicle. Undue oscillation, also known as vibration, affects the ride quality of the 
passenger and driver. Griffin [1] has shown the effect of vibration on ride comfort. The term “road handling” relates 
with vehicle weight transfer from side to side and front to back during cornering and braking action. A vehicle with 
good road handling minimizes the weight transfer and thus will add in increasing the traction force between vehicle 
and road surface. However, both of ride comfort and vehicle handling requirements are conflicting while designing a 
vehicle suspension.  Therefore it is very difficult to maintain high standard of ride comfort and vehicle handling 
simultaneously under all driving condition. Designer of suspension system always has to compromise between ride 
comfort and vehicle handling. There are many numerical and experimental studies reported in the literature about 
vehicle suspension system [2-6]. 
 In order to positively influence both ride comfort and vehicle handling simultaneously, primary suspension and 
cabin suspension terms are introduced to represent the suspension system of heavy vehicles. Primary suspension 
system isolates vehicle’s chassis from road irregularities, while cabin suspension system isolates cabin from chassis 
vibrations. Cabin suspension provides ride comfort as well as improves the cab life by isolating cabin from chassis 
and engine vibration. It also reduces the interior noise of cabin [7]. 
In order to optimize the ride comfort and vehicle handling, a number of suspension models e.g. quarter car, half 
car and a full car model are employed. It has been found that most of the studies available in literature mainly focus 
on the primary suspension system.  A few studies have been found which shows integration of vehicle seat, cabin 
suspension and primary suspension system and their control strategy using quarter car model. Further, such types of 
studies are very limited for half car and full car models. According to Gillespie and Karamihas [8], it is not possible 
to model heavy duty vehicle dynamics using only quarter model. Literature survey shows that there is very limited 
work on design and dynamic analysis of cabin suspension using half car and full car models. 
This work attempts simulated studies in dynamic analysis of primary as well as cabin suspension (also known as 
secondary suspension) system and influence of cabin suspension in ride comfort. A full car model has been 
developed to achieve the goal of this paper.  The full car model uses 10 degrees of freedom, with primary and cabin 
suspension and their integration in SIMULINK environment. The results as obtained using SIMULINK have been 
used to study the effect of cabin suspension on the ride comfort. 
2. Mathematical Model 
Fig.1 shows the full car model with 10 degree of freedom (D.O.F.), as has been considered in this work. 
Suspension systems and tires are considered as spring and damper system. It may be noted that wl1 wr1 wl2m ,m ,m  and 
wr2m  denote the mass of the four wheels (un-sprung mass) while cg1m and cabm  denote the mass (sprung mass) of 
chassis and cabin, respectively. The notations wl1 wr1 wl2 wr2z ,z ,z ,z represent the vertical displacement of wheels 
while cg1 cabz ,z represent the vertical displacement of the chassis and cabin respectively. T  and I  (Pitch and Roll) 
are rotations of the cabin about the y and x axis respectively. Similarly the notation 1T and 1I represent pitch and roll 
of the chassis. yyI and xxI are moments of inertia of the cabin about y and x axis respectively, while yy1I and 
xx1I represent moment of inertia for the chassis about y and x axis respectively. The notations 
wl1, wr1 wl2 wr2k k ,k ,k and wl1 wr1 wl2 wr2c ,c ,c ,c  denote the stiffness and damping parameters of the wheels. Similarly 
sl1, sr1 sl2 sr2k k ,k ,k and sl1 sr1 sl2 sr2c ,c ,c ,c are the stiffness and damping parameters of the primary suspension system, 
while ssl1 ssr1 ssl2 ssr2k ,k ,k ,k and ssl1 ssr1 ssl1 ssr2c ,c ,c ,c denotes the stiffness and damping parameters of the cabin 
suspension system. The notations a and b denote the distance of the front and rear wheels from the center of gravity 
(CG) of the cabin, while c and d represent the right and left wheel distance from CG of cabin. These distances for 
the chassis are represented by a1, b1 and c1, d1. 
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Fig. 1. Full car model with ten degree of freedoms 
 
Table 1. Parameters of the system 
S. 
No. 
Model Parameters 
Parameter value unit 
1 wl1 wr1 wl2 wr2m m m m    60 kg 
2 cab cg1m ,m  1000, 1200 kg 
3 wl1 wr1 wl2 wr2k k k k    37,000 N/m 
4 wl1 wr1 wl2 wr2c c c c    700 N-s/m 
5 sl1 sr1 l2 sr2k k k k    55,000 N/m 
6 sl1 sr1 sl2 sr2c c c c    4,000 N-s/m 
7 ssl1 ssr1 ssl2 ssr2k k k k    67,000 N-s/m 
8 ssl1 ssr1 ssl2 ssr2c c c c    6,000 N-s/m 
9 a b,c d   1.1, 1 m 
10 1 1 1 1a b ,c d   1.5, 1 m 
11 xx yyI , I  3200, 800 Kg-m
2 
12 xx1 yy1I , I  4000, 950 Kg-m
2 
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2.1. Model Properties 
Table.1 shows the values of parameters considered as described in the previous section for the numerical 
simulations. These parameters have been considered after following the work by [9, 10, 11]. 
2.2. Mathematical Equations 
The equations of motion for the full car model shown in Fig. 1 have been derived. These equations are given in 
Appendix A. 
3. Simulink model 
The “Simulink” software [7] has been used for vibrations simulation. Differential equations have been solved 
using the function “ode45” (Dormand-Prince) [13]. The Simulink model based on the equations of motion as given 
in Appendix A is shown in Fig. 2. 
 
 
Fig. 2.Simulink model of 10 degree of freedom system. 
4. Results and Discussion 
As discussed above, objective of this work is to find out the effectiveness of cabin suspension system on the 
improvement of ride comfort over the primary suspension system. The performance of suspension has been 
analyzed for a step excitation. The amplitude of the excitation was 10 cm and time of the application was 2 s. The 
vehicle was considered to be moving with speed of 30 km/hr. 
The vertical response (acceleration variation and its RMS value) of the chassis and cabin to the step excitation 
has been shown in Fig. 3(a) and (b) respectively. The figures show that the vertical acceleration in both cases 
decreases. However, at time of 2 s (time lag), the acceleration becomes maximum, and then further decreases. It 
may also be noted that the RMS value of acceleration in case of cabin suspension (= 3.0 m/s2) is found to be less 
than RMS value of chassis suspension (= 2 m/s2). Further, the pitch acceleration along with the RMS value of 
chassis and cabin has been shown in Fig. 4 (a) and (b) respectively. Fig. 4 (a) depicts maximum value of the chassis 
pitch acceleration as 9.0 rad/s2, while its value for cabin suspension is found to be 8.0 rad/s2. It implies that the value 
of acceleration for cabin is lower than value of acceleration in the chassis. Similarly, Fig. 5 (a) and (b) show the 
variation of roll acceleration and its RMS value for the chassis (0.06 rad/s2) and cabin (0.01 rad/s2) vibrations. The 
figure shows that the pitch and roll accelerations are also less in case of cabin suspension, when compared with 
chassis suspension. 
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Fig. 3.(a) Acceleration vs time plot for the chassis; (b). Acceleration vs time plot for the cabin. 
 
 
Fig. 4.(a) Pitch acceleration vs time plot for the chassis; (b). Pitch acceleration vs time plot for the cabin. 
 
 
Fig. 5 (a).Roll acceleration vs time plot for the chassis; (b). Roll acceleration vs time plot for the cabin. 
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5. Conclusion 
This work attempted simulated studies of combined primary and secondary suspensions system using a 10 dofs 
full car model in order to evaluate the effectiveness of providing secondary suspension system. The plots of 
variation of acceleration and its RMS value are discussed. The results show that the incorporation of secondary 
suspension system results in improvement of the performance of the vehicle. It has been shown that the 
accelerations at the cabin reduce by providing secondary suspension system. So, it may be concluded that 
incorporation of secondary suspension system will aid in ride comfort. 
 
 
Appendix A. Equations of motion for the full car model 
 
Equations of motion of vibration in vertical direction, pitching motion and rolling motion are Eq. 1, Eq. 2 and 
Eq.3 respectively for cabin. 
 
   
   
 
cab cg ssl1 cg cg1 1 1 1 1 ssl1 cg cg1 1 1 1 1
ssr1 cg cg1 1 1 1 1 ssr1 cg a c cg1 1 1 1 1
ssl2 cg cg1 1 1 1 1 ssl2 c
m z k z a d z a d c z a d z a d
k z a c z a c c z z a c
k z b d z b d c z
ª ºª º  T  I  T  I  T  I  T  I ¬ ¼ ¬ ¼
ª ºª º T I  T I  T I  T I ¬ ¼ ¬ ¼
ª º T  I   T  I ¬ ¼  
   
g cg1 1 1 1 1
ssr2 cg cg1 1 1 1 1 ssr2 cg cg1 1 1 1 1
b d z b d
k z b c z b c c z b c z b c 0
ª º T  I   T  I ¬ ¼
ª ºª º T I   T I   T I   T I  ¬ ¼ ¬ ¼   (1)
  
   
   
 
yy(cab) cg ssl1 cg cg1 1 1 1 1 ssl1 cg cg1 1 1 1 1
ssr1 cg cg1 1 1 1 1 ssr1 cg cg1 1 1 1 1
ssl2 cg cg1 1 1 1 1
I k z a d z a d a c z a d z a d a
k z a c z a c a c z a c z a c a
k z b d z b d
ª ºª ºT  T  I  T  I u  T  I  T  I u ¬ ¼ ¬ ¼
ª ºª º T I  T I u  T I  T I u ¬ ¼ ¬ ¼
ª  T  I   T  I  
   
ssl2 cg cg1 1 1 1 1
ssr2 cg cg1 1 1 1 1 ssr2 cg cg1 1 1 1 1
b c z b d z b d b
k z b c z b c b c z b c z b c b 0
ª ººu   T  I   T  I u ¬ ¼ ¬ ¼
ª ºª º T I   T I u   T I   T I u  ¬ ¼ ¬ ¼  (2) 
 
   
   
 
xx(cab) cg ssl1 cg cg1 1 1 1 1 ssl1 cg cg1 1 1 1 1
ssr1 cg cg1 1 1 1 1 ssr1 cg cg1 1 1 1 1
ssl2 cg d cg1 1 1 1 1
I k z a d z a d d c z a d z a d d
k z a c z a c c c z a c z a c c
k z b z b d
ª ºª ºI  T  I  T  I u  T  I  T  I u ¬ ¼ ¬ ¼
ª ºª º T I  T I u  T I  T I u ¬ ¼ ¬ ¼
ª  T  I   T  I  
   
ssl2 cg cg1 1 1 1 1
ssr2 cg cg1 1 1 1 1 ssr2 cg cg1 1 1 1 1
d c z b d z b d d
k z b c z b c c c z b c z b c c 0
ª ººu   T  I   T  I u ¬ ¼ ¬ ¼
ª ºª º T I   T I u   T I   T I u  ¬ ¼ ¬ ¼  (3) 
 
For chassis the equations of motions for vibration in vertical direction, pitching motion and rolling motion are 
given by Eq. 4, Eq.5 and Eq. 6 respectively. 
 
Eq. 7 and Eq. 8 represents the motion of vibration of left and right wheel of front axle in vertical direction, while 
Eq. 9 and Eq.10 give the vibration in vertical direction for left and right wheel of rear axle respectively.  
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cg1 cg1 ssl1 cg cg1 1 1 1 1 ssl1 cg cg1 1 1 1 1
ssr1 cg cg1 1 1 1 1 ssr1 cg cg1 1 1 1 1
ssl2 cg cg1 1 1 1 1 ssl2
m z k z a d z a d c z a d z a d
k z a c z a c c z a c z a c
k z b d z b d c z
ª ºª º  T  I  T  I  T  I  T  I ¬ ¼ ¬ ¼
ª ºª º T I  T I  T I  T I ¬ ¼ ¬ ¼
ª º T  I   T  I ¬ ¼  
   
cg cg1 1 1 1 1
ssr2 cg cg1 1 1 1 1 ssr2 cg cg1 1 1 1 1
sl1 cg1 1 1 1 1 wl1 sl1 cg1 1 1 1 1 wl1 sr1 cg1 1 1 1 1 wr1
sr1
b d z b d
k z b c z b c c z b c z b c
k z a d z c z a d z k z a c z
c
ª º T  I   T  I ¬ ¼
ª ºª º T I   T I   T I   T I ¬ ¼ ¬ ¼
ª ºª º ª º T  I   T  I   T I  ¬ ¼ ¬ ¼¬ ¼
cg1 1 1 1 1 wr1 sl2 cg1 1 1 1 1 wl2 sl2 cg1 1 1 1 1 wl2
sr2 cg1 1 1 1 1 wr2 sr2 cg1 1 1 1 1 wr2
z a c z k z b d z c z b d z
k z b c z c z b c z 0
ª º ª ºª º T I    T  I    T  I  ¬ ¼¬ ¼ ¬ ¼
ª ºª º T I    T I   ¬ ¼ ¬ ¼   (4)
 
 
 
   
   
 
yy1 1 ssl1 cg cg1 1 1 1 1 1 ssl1 cg cg1 1 1 1 1 1
ssr1 cg cg1 1 1 1 1 1 ssr1 cg cg1 1 1 1 1 1
ssl2 cg cg1 1 1 1 1
I k z a d z a d a c z a d z a d a
k z a c z a c a c z a c z a c a
k z b d z b d
ª ºª ºT  T  I  T  I u  T  I  T  I u ¬ ¼ ¬ ¼
ª ºª º T I  T I u  T I  T I u ¬ ¼ ¬ ¼
ª  T  I   T  I¬  
   
1 ssl2 cg cg1 1 1 1 1 1
ssr2 cg cg1 1 1 1 1 1 ssr2 cg cg1 1 1 1 1 1
sl1 cg1 1 1 1 1 wl1 1 sl1 cg1 1 1 1 1 wl1 1 sr1
b c z b d z b d b
k z b c z b c b c z b c z b c b
k z a d z a c z a d z a k z
ª ººu   T  I   T  I u ¼ ¬ ¼
ª ºª º T I   T I u   T I   T I u ¬ ¼ ¬ ¼
ª ºª º T  I  u  T  I  u ¬ ¼ ¬ ¼ cg1 1 1 1 1 wr1 1
sr1 cg1 1 1 1 1 wr1 1 sl2 cg1 1 1 1 1 wl2 1 sl2 cg1 1 1 1 1 wl2 1
sr2 cg1 1 1 1 1 wr2 1 sr2 cg1 1 1 1 1 wr2 1
a c z a
c z a c z a k z b d z b c z b d z b
k z b c z b c z b c z b 0
ª º T I  u ¬ ¼
ª º ª ºª º T I  u   T  I  u   T  I  u ¬ ¼¬ ¼ ¬ ¼
ª ºª º T I  u   T I  u  ¬ ¼ ¬ ¼  (5)
 
 
 
   
   
 
xx1 1 ssl1 cg cg1 1 1 1 1 1 ssl1 cg cg1 1 1 1 1 1
ssr1 cg cg1 1 1 1 1 1 ssr1 cg cg1 1 1 1 1 1
ssl2 cg cg1 1 1 1 1
I k z a d z a d d c z a d z a d d
k z a c z a c c c z a c z a c c
k z b d z b d
ª ºª ºI  T  I  T  I u  T  I  T  I u ¬ ¼ ¬ ¼
ª ºª º T I  T I u  T I  T I u ¬ ¼ ¬ ¼
ª  T  I   T  I¬  
   
1 ssl2 cg cg1 1 1 1 1 1
ssr2 cg cg1 1 1 1 1 1 ssr2 cg cg1 1 1 1 1 1
sl1 cg1 1 1 1 1 wl1 1 sl1 cg1 1 1 1 1 wl1 1 sr1
d c z b d z b d d
k z b c z b c c c z b c z b c c
k z a d z d c z a d z d k z
ª ººu   T  I   T  I u ¼ ¬ ¼
ª ºª º T I   T I u   T I   T I u ¬ ¼ ¬ ¼
ª ºª º T  I  u  T  I  u ¬ ¼ ¬ ¼ cg1 1 1 1 1 wr1 1
sr1 cg1 1 1 1 1 wr1 1 sl2 cg1 1 1 1 1 wl2 1 sl2 cg1 1 1 1 1 wl2 1
sr2 cg1 1 1 1 1 wr2 1 sr2 cg1 1 1 1 1 wr2 1
a c z c
c z a c z c k z b d z d c z b d z d
k z b c z c c z b c z c 0
ª º T I  u ¬ ¼
ª º ª ºª º T I  u   T  I  u   T  I  u ¬ ¼¬ ¼ ¬ ¼
ª ºª º T I  u   T I  u  ¬ ¼ ¬ ¼  (6)
 
 
       wl1 wl1 sl1 cg1 1 1 1 1 wl1 sl1 cg1 1 1 1 1 wl1 wl1 wl1 rl1 wl1 wl1 rl1m z k z a d z c z a d z k z z c z z 0 T I   T I        
(7) 
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wr1 wr1 sr1 cg1 1 1 1 1 wr1 sr1 cg1 1 1 1 1 wr1 wr1 wr1 rr1 wr1 wr1 rr1m z k z a d z c z a d z k z z c z z 0 T I   T I        
(8) 
       wl2 wl2 sl2 cg1 1 1 1 1 wl2 sl2 cg1 1 1 1 1 wl2 wl2 wl2 rl2 wl2 wl2 rl2m z k z b d z c z b d z k z z c z z 0 T I   T I        
(9) 
       wr2 wr2 sr2 cg1 1 1 1 1 wr2 sr2 cg1 1 1 1 1 wr2 wr2 wr2 rr2 wr2 wr2 rr2m z k z b c z c z b c z k z z c z z 0 T I   T I        
(10)
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